The Application of Gorman’s Eigen Values to The Industrial Sewing Machine’s Needle Vibration  by El Gholmy, S.H. & El Hawary, I.A.
Alexandria Engineering Journal (2016) 55, 983–989HO ST E D  BY
Alexandria University
Alexandria Engineering Journal
www.elsevier.com/locate/aej
www.sciencedirect.comORIGINAL ARTICLEThe Application of Gorman’s Eigen Values to The
Industrial Sewing Machine’s Needle Vibration* Corresponding author.
E-mail address: Sh_gholmy@yahoo.com (S.H. El Gholmy).
Peer review under responsibility of Faculty of Engineering, Alexandria
University.
http://dx.doi.org/10.1016/j.aej.2016.02.028
1110-0168  2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).S.H. El Gholmy *, I.A. El HawaryTextile Engineer Department, Faculty of Engineering, Alexandria University, Alexandria, EgyptReceived 19 March 2015; revised 17 February 2016; accepted 20 February 2016
Available online 11 April 2016KEYWORDS
Free vibration;
Sewing needle design;
Working speed of sewing
needleAbstract The free vibration of the sewing needle is divided into lateral free vibrations and an axial
free vibration. In this work a theoretical study that concerns the free lateral vibrations will be
applied to the sewing needle by the use of Gorman’s Eigen values (Daniel, 1975) technique. The
study will be divided into the following: needles with constant cross-section (with classical and
non classical boundary conditions) and needles with variable cross-section (conical and stepped).
For all the different shapes of needles (Gorman’s classifications) the linear natural frequency in
stitches per min (SPM) will be calculated by the use of Gorman’s Eigen values via special tables
and graphs. It was found that the linear fundamental natural frequencies of the following: clamped
free sewing needle (CF) is 21,548 SMP, clamped simple sewing needle (CS) is 94,522 SMP while for
free–free needle (FF) for n= 2 is 137,130 SMP. For each type the Eigen value b was selected due to
the sewing needle boundary conditions. The ratio between the lowest (CF) linear natural frequency
and the highest (FF) one is 16%. In this work the selected sewing needle material was steel with
E= 206 GPa and specific weight 785,000 N/m3.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Panovko [7] in his work has stated that it is difficult to indicate
a domain of Engineering in which the study of elastic vibra-
tions would not be urgent problem. Much attention is given
by investigators to vibrations of structures of widely differing
purposes: turbine rotors, aircraft, turbine blades, etc. Nowa-
days the garments and apparel industry are considered vital
Engineering areas that require an emphasizing on its mechan-
ical – machines – side such as the industrial sewing machinesthat have an important element i.e. the sewing needle where,
it is a metallic bar from steel with a special configuration
and structure. It is the highly accelerated part in the sewing
machine where it has max allowable speed = 15 k SPM. The
sewing needles have been subjected to too little studies that
concern its vibration free, forced, modes, etc., to calculate
the working speed of sewing needle. It is necessary to study
its free vibration frequencies; in certain cases the vibrations
impede the normal service or even directly endanger the
strength by gradually promoting fatigue failure. In such cases
the theory may indicate ways of reducing detrimental vibra-
tions [7]. It is expected the security quality of the sewn fabric
could be deteriorated as a result of the sewing needle vibra-
tions [9]. The free vibrations mean the mechanical vibrations
which are performed by a mechanical system (as sewing
984 S.H. El Gholmy, I.A. El Hawaryneedle) having no energy supply from outside but they take
place when the system is disturbed from its position of equilib-
rium and then suddenly released [7]. Gorman [3] has written
that there are two commonly analyzed methods for having
solution to the problem of free vibrations of bars (needles)
and beams. The method, most frequently used was to solve
the bar–beam-differential equations that express equilibrium
between inertia forces and elastic restoring force, subject to
prescribed boundary conditions. The second method is an
energy method which consists essentially of utilizing the fact
that in free vibration the sum of the beam-sewing needle-
potential energy and the kinetic energy is constant. The
Gorman method is highly applied in our work. Feodosev [2]
has stated that the theory of vibrations is of special importance
for applied problems: encountered in Engineering practice,
among others in the designs of the machine – industrial sewing
machines and structures.
There have been cases when an engineering structure
designed for a large of safety to withstand static loading failed
under the action of very small (relatively) small periodicallyFigure 1 Industrial sewing machine needle.
Figure 2a Sewing needles with classical boundaracting force. In many cases stiff and very strong structures
have proved unserviceable in the presence of varying forces
whereas a similar lighter structure and not so strong at first
glance – industrial sewing machines – sustain the same forces
absolutely safely.
Varvak [8] has claimed that the special cases of the mechan-
ical elastic system with single and multiple degrees of freedom
could be tabulated for practical applications where the table
has 3 columns: scheme of the mechanical system, degree of
freedom and finally the natural frequency column. The table
includes about 52 schemes of vibratory mechanical system.
Belyaev [1] has studied some important topics in the field of
vibrations of the mechanical systems as the effect of the vibra-
tion resonance on the value of the stress in the machine
elements – sewing needle – during the vibration process. In
addition the calculation of the equivalent mass of the vibratory
system has been carried out where for example sewing needle –
as a cantilever beam the equivalent mass is FLv/3g [v – needle’s
material specific gravity, L – length of the sewing needle and g
– gravitational acceleration and F – cross-sectional area].
Panamarev [6] has studied extensively the vibrations of the
coil spring as longitudinal (axial) or lateral (transverse) under
different boundaries conditions. Also the axial vibration of
turbine blades was evaluated by the way all the studies of
Panamarev [6] were shifted to the Engineering practical appli-
cations and could be efficiently used in the industrial sewing
machines as a point of our view [4].
2. Mathematical approach
The actual configuration of the sewing needle [9] is shown in
Fig. 1. The first part of the Mathematical Approach will be
devoted to the needles with constant cross sections and with
classical and non-classical boundaries.
2.1. Sewing needles with circular constant cross section and with
classical boundary conditions
The calculation Scheme [line diagram] is shown in Fig. 2a.
The mean value of the needle diameter is calculated by the
use of the weighted inertia of cross sections Ii where i ¼
1; 2; 3 and 4y conditions and with constant cross sections.
Table 1 Eigen values for needle with classic boundary
conditions. Source: Gorman [3].
Mode Free–free Clamped-free Clamped-simple
1 0 1.875 3.927
2 4.73 4.694 7.069
3 7.853 7.855 10.210
4 10.95 10.96 13.332
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45
 2
þ I2  25
45
 2
þ I3  2
45
 2
þ I4  3
45
 2
¼ 2:4850 1013  15
45
 2
þ 1:0417 1014  25
45
 2
þ 7:8125 1016  2
45
 2
þ 1:9175 1016  3
45
 2
¼ 3:0982 m4 ð1Þ
pu4
64
¼ 3:0982 1014
u ¼ 0:89 mm
Due to the Engineering experience and practice, the value
of average needle diameter = 0.89 mm is reasonable.
The transfer of the actual configuration of the sewing nee-
dle from a bar with variable cross section to a bar with con-
stant cross section by using the weighted average of the
needle area inertia of cross section is an approximated method
due to the small differences in the needle diameter along its
length. The more accurate approximated technique is the
method of the Russian Scientist Jemochken [5].
2.1.1. For the sewing needle with constant cross sections and with
classic boundaries conditions
Due to Gorman [3]
f ¼ b
2
2pL2
ﬃﬃﬃﬃﬃﬃ
EI
qA
s
ð2Þ
b4 ¼ qAx
2L4
EI
! ð3Þ
where q – density of sewing needle material (steel)
¼ 7850 kg=m3, A – Sewing needle cross-sectional area, x –
circular natural frequency, L – sewing needle overall length,
E – Young’s modules for sewing needle material (steel)
¼ 206 MPa, I – area moment of inertia of the needle cross
section, b – Eigen value in sewing needle vibration problem via
special table, linear natural frequency. The sewing needle modal
shape as a function of n ¼ X
L
isrðnÞ, x  a variable distance along
the needle axis for different bounding conditions is as follows:
(a) The equation of the modal shape for Clamped-free [CF]
needle is
rðnÞ ¼ sinbn sinhbn cðcos bn cosh bnÞ and ð0 6 n 6 1Þ
ð4Þ
c ¼ sin bþ sin hb
cos bþ cosh b ð5Þ
The equation of the modal shape for clamped-simple needle
[CS] is
rðnÞ ¼ sinhbn sinbnþ cðcosh bn cosbnÞ and ð0 6 n 6 1Þ
ð6Þ
c ¼ sinh b sin b
cos b cosh b ð7Þ
The modal equation for free–free sewing needle (FF) is as
follows:rðnÞ ¼ sin bn sinh bnþ cðcos bn cosh bnÞ and ð0 6 n 6 1Þ
ð8Þ
c ¼ sinb sin hb
cos b cos b ð9Þ
The database of the sewing needle is as follows:
Length = L ¼ 45 mm ¼ 0:045 m
Diameter = u ¼ 0:89 mm ¼ 8:9 104 m
Area inertia of cross section I
I ¼ 3:0783 1014 m4
E ¼ 206 109 pascalðpaÞ
EI ¼ 6:3413 103 m2
q A ¼ 7850 p 0:89
2
4 10002 ¼ 4:811 10
3 kg=m:
The Eigen value for different boundary conditions and for
different modes [3] are shown in Table 1.
The calculation of the natural frequencies for the previous
stated needle in (SPM) is as follows:
(1) Clamped simple Sewing needle [CS] boundary
conditions,n ¼ 1
fcs ¼
3:9272
2pð0:045Þ2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6:3413 103
4:811 103
s
¼ 1575:35 cps
¼ 94; 522 cpm(2) Clamped free Sewing [CF] needle boundary conditions,n ¼ 1
fCf ¼
1:8752
2pð0:041Þ2 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
206 109  3:6783 1014
4:811 103
s
¼ 21; 548 cpm
Free–free Sewing needle [CF] boundary conditions,
n ¼ 1
b ¼ 0
F ¼ 0
n ¼ 2
fFF ¼
4:732
2pð0:045Þ2 :
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6:3413 103
4:811 103
s
¼ 137; 130 cpm
Table 2 Natural frequency of Sewing needle with different
bound conditions and with constant cross section.
Mode Free–free Clamped-free Clamped-simple
1 0 21,548 94,522
2 137,130 135,051 306,285
Figure 2b Sewing needle with non-classical boundary conditions
with constant cross section.
Table 3 Natural frequencies of needles with variable cross
sections and with classical boundary conditions.
n Needle with variable cross sec.
Stepped Conical and circular
Nose cone Truncated cone
1 180,400 118,832 100,675
2 – – –
986 S.H. El Gholmy, I.A. El HawaryThe summary of result is shown in Table 2.
2.2. Needle with constant cross sections and with non-classical
boundary conditions
K ¼ b
2ð1þ cos b cosh bÞ
sinhb  cos b sin b cosh b ð10Þ
where
K dimensional linear spring constant
¼ KL
3
EI
ð11Þ
K – spring constant for linear coil spring, L – needle overall
length, E – Young’s modulus for the sewing needle material
(Steel) and I – area moment of sewing needle cross section.
Also the modal shape equation is as follows:
rðnÞ ¼ sinh bn sinbnþ cðcos h bn cosbnÞ ð0 6 n 6 1Þ
ð12Þ
where
c ¼ ðsinbþ sinh bÞ
cosh bþ cos b ð13Þ
ðfCEÞ ¼ fn ¼ fCF þQðfCF  fCFÞ ð14Þ
where rðnÞ – Needle modal shape as a function of
n ¼ x
L
ðdimensionlessÞ, x – distance measured along the needle,
fn – frequency of sewing needle vibration in nth mode, fCF –
natural frequency of clamped free needle, and Q – measure
of how far sewing needle frequency lies between limiting
frequencies as shown by special Table 3, b – Eigen value is
appearing in needle’s vibrations in problems, FCS – natural
frequency of clamped simple Sewing needle, CF – clamped free
and CS – clamped simple, CE – Clamped-Elastic (non-classical
boundary conditions).
In our case, we can show the upper limit ðQ ¼ 1:0Þ in an
asymptotic fashion, for this reason the following relationship
between Q and K is limited for intermediate late values of
Q greater than 0.8.
Q ¼ 1 0:2 K

a¼0:8
K
ð15Þ
where Ka¼0:8 is the value of K
 at Q ¼ 0:8 and any analyst of
the tabulated data indicates that the previous Eq. (15) also
gives frequency with error not greater than 1 percent [3].
The calculations of the sewing needle with constant cross
section and with non-classical boundary conditions – see
Fig. 2b are the following: from special Table 3 we can find
as follows: Ku¼0:8 ¼ 89:96 assume fabric elastic resistance
coefficient k= 2000 N/m, thenK ¼ 2000 ð0:045Þ
3
6:3413 103 ¼ 28:74
)Q ¼ 1 0:2 89:96
28:74
 
¼ 0:3740
As shown previously in Section (I),
(a) For clamped free sewing needle, n= 1fCF ¼ 94; 522 SPM
(b) For clamped simple sewing needle, n= 1FCS ¼ 21:548 SPM
For our case – Fig. 2b with n= 1
fnðfCEÞ ¼ 94:522þ 0:3740ð21:548 94:522Þ
=67.229 SPM. See Table 3.
2.3. Sewing needles with variable cross section and with classical
boundary conditions
In this section, the variable cross sections sewing needles, as
seen in Fig. 3 are divided into the following: (a) stepped needle
(two sections), (b) nose conical needle and (c) truncated conical
needle.
2.3.1. Stepped sewing needle with two cross sections
The stepped sewing needle is shown in Fig. 4, where the equa-
tions of needle modes are as follows:
(b) Nose 
conical 
needle 
Figure 3 Sewing needles with variable cross section and with classical boundary conditions.
Figure 4 Stepped sewing industrial machine needle.
The application of Gorman’s Eigen values 987r1ðnÞ ¼ sinb1n sinh b1nþ B1ðcos b1n cosh b1nÞ ð0 6 n 6 1Þ
ð16Þ
r2ðnÞ ¼ A2 sinb1hn sinh b1hnþ B2ðcos b1hn cosh b1hnÞ
ð17Þ
B1ðcosb1l cosh b1lÞ þ A2ð sin b1hc sinhb1hcÞ
þ B2ð cos b1hc cosh b1hcÞ
¼ sinh b1l sinb1l ð18Þ
Then;
B1ð sinb1l sinh b1lÞ þ A2hðcosb1hc
þ B2hð sinB1hcþ sinh cosh b1hcÞ
¼ cosh b1l cos b1l ð19ÞB1ð cosb1l cosh b1lÞ þ A2a4ðsin b1hc sinhb1hcÞ
þ B2a4h2ðcos b1hd cosh b1hdÞ
¼ sinb1lþ sinh b1l ð20Þ
where
/¼ E2I2
E1I1
 1
4
£ ¼ q2A2q1A1
 1
4
h ¼ £/
9>>=
>>;
ð21Þ
The frequency (natural) is the same as in Eq. (2).
The database of the stepped sewing needle shown in Fig. 3a
is as follows:
I1 ¼ 2:4850 1013 m4=I2 ¼ 1:0417 1014 m4
Figure 5 Conical incomplete sewing industrial machine needle.
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40
¼ 0:375=c ¼ 1 l ¼ 0:625
Then: E1I1 ¼ 206 109  2:4850 1013 ¼ 0:0512
q1A1 ¼ 7850
ð1:5 103Þ2  p
4
¼ 0:01387 kg=m
/¼ I2
I1
 1
4
¼ 1:0417 10
14
2:4850 1013
 1
4
¼ 0:4524
u ¼ A2
A
 1
4
¼ 0:5204
1:7663
 1
4
¼ 0:7303
h ¼ 0:7303
0:4524
¼ 0:6196
Return back to special Table 3 we can write b1 ¼ 3:966 for
n= 1 and
¼ 6:244 for n ¼ 2
For n ¼ 1
f ¼ 3:966
2
2p  ð0:04Þ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:0512
0:01387
r
¼ 3:007 cps ¼ 180; 400 cpmðSPMÞ2.3.2. Conical needle with circular cross sections
A. Nose cone needle
The needle configuration is shown in Fig. 5 from specified
Table 3 we can find the ratio b0=b1 ¼ 0, and for n= 1 then
bðEigenvalueÞ ¼ 2:2
the frequency equation is
f ¼ b
2
2pL2
ﬃﬃﬃﬃﬃﬃﬃﬃ
pA1
EI1
r
¼ 2:2
2
6:78 ð0:045Þ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
7850 p ð1:5 103Þ2
4 206 109  2:4850 1013
s
¼ 1981 Sps ¼ 118:832 cpm
B. Truncated cone needleThe needle line diagram is shown in Fig. 5.
u2
u1
¼ 40
45
¼ 0:89 and u2 ¼ u1  0:89 ¼ 1:5 0:89 ¼ 1:33 mm
From specified Table 3 we calculate the following:
b0
b1
¼ 1:33
1:5
¼ 0:89; ) b Eigen value = 1.8, f ¼ 1:82
2p0:042 
ﬃﬃﬃﬃﬃﬃ
qA1
EI1
q
¼
1678 n ¼ 100; 678 SPM and see the sewing needle as truncated
circular cone is shown in Fig. 5.3. Conclusions and future visions
From the previous calculations for the different sewing needle
configurations and cross sections, the following conclusions
findings could be written:
1. The transfer of the industrial sewing needle from a bar with
variable cross section to a bar with constant cross section
by the way of the weighted average of the actual needle area
moments of its cross section is acceptable where the per-
centage error is 1%.
2. The lowest fundamental linear natural frequency is 22 k
stitches per min [SPM] for a clamped-simple [CS] sewing
needle with classical boundary conditions and with con-
stant cross section, while the highest value is 180 k for
stepped sewing needle with classical boundary conditions.
3. The clamped-elastic sewing needle with non-classical
boundary conditions produced a fundamental natural
linear frequency 67 k SPM, and the elastic resistance of
the fabric was expressed by K= 2000 N/m as an assump-
tion (it needs extensive experimental work).
4. The average working speed of the industrial needle-
practically is 3 k SPM which represents 14% of the funda-
mental linear natural frequency of the clamped-simple
needle which is too safe [the safety could be accepted up
to 70%].
5. Seemingly the elastic resistance of the sewn fabric on the
lower and of the needle is relatively high so that the needle
The application of Gorman’s Eigen values 989with its frequency 22 k SPM could be considered clamped-
simple (CS).
6. The equation of the modal shape of each needle type and
design as a function of (n) is written and could be repre-
sented graphically at different modes (n= 1, 2, 3, etc.) by
the aid of Matlab software, and the variable of n is a func-
tion of (x) equals to xl where x is a variable in the direction
of the sewing needle length.
7. The fundamental linear lateral free natural frequency is too
high for the sewing needle due to several parameters as its
mass per unit length (where it is too relatively small and the
high modulus of elasticity of the steel, etc).
8. The first fundamental linear natural frequency for the lat-
eral free vibration of the sewing needle is too sufficient
practically. The future vision is to carry out experimental
work to measure the fundamental natural linear
frequency-via specific practical techniques such as impact-
ing the needle; in addition, the elastic coefficient of fabric
resistance to the needle is needed to be intensively measured
by innovating and advanced techniques. Lastly the axial
vibratory mode shapes and natural linear fundamental
frequencies are needed to practice the overall pattern of
the sewing needle vibrations.References
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